We have studied experimentally the time dependence of leakage currents in six CMOS (complementary metaloxide semiconductor) processes using LOCOS (local oxidation of silicon) isolation structures. These six process lines represent six different U.S. semiconductor companies. In their radiation response, these processes range from very hard to very soft. In the softer processes, the radiation-induced leakage currents are due to the turning on of a leakage path either under the thick field-oxide or along the transistor edge (bird's beak) region. In the hardest process, the field-oxide did not turn on, and the leakage was entirely due to subthreshold current in the gate region.
Introduction
In recent years most researchers have come to recognize that metal-oxide semiconductor (MOS) structures have a complex time-dependent response to ionizing radiation. The "total dose response" of a circuit depends on bias, temperature, and dose rate or annealing time, in addition to total dose. These other factors may be critical in determining whether a circuit performs well in a given operational environment. For this reason, many researchers have been studying the time-dependent response of MOS structures--either to understand the individual processes involved or to determine how they all fit together.
Another factor motivating this study is the question of how to test complex integrated circuits.
The use of test chips is obviously necessary to determine the mechanisms which cause functional failure, but how does one correlate test chip results with the radiation response of a large circuit? Many of the previous studies have concentrated on A leakage current, the total power supply current is 6.4 mA. Even if the circuit is still functional, many systems have a power budget which cannot support this load. On the other hand, if this leakage current recovers by, let us say, a factor 10, the system might also recover.
There is relatively little data in the literature on the time dependence of radiation induced leakage currents, and most of it concerns gate-oxide subthreshold current in a hardened process.1
There have been a few basic studies-of the response of thick field-oxide capacitors.24 Also Sexton et al. have examined the correlat on between transistor response and circuit response.
In that study, they found that the power-supply current correlated very well with the leakage current of the n-channel transigtors (see Fig. lb The parasitic device shows a much larger threshold shift under irradiation because the oxide is thicker.
After irradiation, the parasitic leakage dominates the response of the gate oxide transistor.
shifted some distance to the left. Also shown is the pre-irradiation I-V characteristic of a parasitic field oxide or edge region transistor.
For this parasitic device, the initial threshold voltage is set much higher than for the gate oxide transistor to prevent the leakage path from turning on. But because the field oxide is much thicker than the gate oxide, the shift of the I-V characteristie from radiation exposure is much larger than for the gate oxide. In Fig. 2 , we show the parasitic I-V characteristic moving past the gate oxide characteristic. When this happens, the actual I-V characteristic of the transistor will resemble the combined response curve in Fig. 2 . This curve is representative of the response we observed in all five of our unhardened processes.
For these devices, the inversion point current corresponding to the surface potential Ws = 2fB is about 10 A.
For a transistor with no parasitic leakage, the inversion point shift is reasonably close to the threshold voltage as determined by conventional methods.
In the following discussion, we plot the voltage corresponding to 10 7A as the apparent threshold voltage shift.
However, this apparent threshold shift is dominated by the response of the parasitic leakage path, and is much larger in most cases than the actual threshold voltage shift of the transistor itself.
In Fig. 3 , we show typical raw data for a soft oxide which we have labelled Process A. In this case, a soft sample was irradiated to a dose of 20 krad at a dose rate of 10 rad/s. Both n-and p-channel transistors were irradiated in an inverter configuration with VG = 5 V. The preradiation curve is shown, and the curve after a dose of 5 krad is displaced slightly to the left, but not distorted at all. In addition, the 0-V leakage current has not increased at all from the preradiation value. After 10 krad, the threshold voltage has shifted only a little more, but the edge has started to turn on and the subthreshold current has started to increase. The VG = 0 leakage current has increased by about two orders of magnitude, from less than 10 10 A to almost 10-8 A. After 20 krad, the parasitic leakage transistor seems to be fully on, and the leakage current at V G = 0 has increased to several AA.
The apparent threshold voltage has shifted to abo'ut -2.5 V. However, the actual threshold voltage shift in the gate region is much At low doses before edge effects become apparent, the threshold voltage shift in the gate region is 0.013 V/krad or 0.260 V at 20 krad.
In Fig. 3 , we also show four curves illustrating the time dependent annealing of the damage to the field-otide. These (Also, we note that the slope of the subthreshold I-V curve will generally be a function of the oxide thickness.
The fact that the slope of the subthreshold I-V curve does not change much during annealing indicates that the active region controlling the response is in the thick (but uniform) field oxide, rather than the edge region, where the oxide thickness changes rapidly.) In addition, the recovery does not show a ln t dependence (the time dependence of the recovery is shown more clearly in Fig. 4) .
Along with the recovery of the apparent threshold voltage, the leakage current at V = 0 is reduced by about a factor 30 after 1.3 x 10 &s. (This recovery will be shown more clearly later--see Fig. 6 .)
In Fig. 4 The time dependence of the n-channel transistor shown in Fig. 4 Note that the annealing of the parasitic leakage device does not have the same qualitative time dependence as the FOXFET.
In Fig. 5 If annealing is caused by random thermal excitations, the threshold recovery will follow a straight line in this plot. drop. For process A, the reduction in current at V0 = 0 is about a factor of 30.
For process E, the improvement in leakage current with annealing is about three orders of magnitude. For process E, the bird'sbeak damage is now essentially completely gone, and the remaining leakage current is due to subthreshold current in the gate region--a different mechanism. For process A, there is still some damage to the parasitic device. We conclude that the annealing of the parasitic device can significantly affect the leakage current and, therefore, the power requirements of a circuit. However, we feel obliged to point out that such is not always the case.
If the apparent threshold voltage shift due to the bird's beak is large enough, the current at VG = 0 V will saturate.
Then, even if the apparent threshold voltage recovers significantly, the current at VG = 0 V may not change much. If damage to the parasitic leakage device anneals in 106 s, one might hope that in an environment where the dose is delivered in a period much longer than 106 s, the device would never turn on. In such an environment, even a sof t part could do very well. However, as we have shown in Fig. 7a and 7b, Initially, we wanted to test this process to ensure that the manufacturer was not relying on a large interface-state buildup to achieve a hardened field oxide.
In Fig. 8 In Fig. 11 , we show the n-channel leakage current for the same devices discussed in Fig. 10 . The leakage current increases to a maximum value at the end of the exposure (1 Mrad(SiO2)), then it recovers linearly with time. The basic linear recovery is a consequence of two things.
First, the threshold voltage is a logarithmic function of time. Second, tne subthreshold current is an exponential function of the threshold voltage.
The linear response of the current follows from taking the exponential of a log function. Clearly one can extend the annealing curve in Fig. 11 
